Hyper-redundant robot (HRR) manipulators are useful at navigating convoluted paths, but conventionally complicated to control. The control of a hyper-redundant manipulator is complex due to its redundancy. In this paper, a simple but effective control algorithm for obstacle avoidance is proposed. The algorithm derives a collision free path around known obstacles so that the end-effector of a variable length hyper redundant robot (VHRR) is able to reach the target location following the path without hitting the obstacles. The algorithm can be grouped into two tasks to drive the end-effector along the collision free trajectories: first, solve the inverse kinematics without disregarding the existence of obstacles in the system; and second, fit the manipulator to the respective prescribe trajectories. This method has the capability to allow VHRR maneuver within its workspace without penetrating to the neighboring obstruction. Further, this method is very effective in the sense that it forms a nice coil profile avoiding zig-zag configuration, and thus eliminates sharp turn on the robot. The performance of a VHRR was tested through simulation to demonstrate the effectiveness of the proposed method. The approach succeeded in delivering the path that avoids obstacle.
Introduction
Redundant manipulators present their potential abilities from theoretical aspect as well as practical aspect, thus, has attracted a lot of attention. The capability includes a fundamental problem to generate collision free path of static or moving obstacles in the workspace. Generally, there are two main strategies to tackle the problem of collision free maneuvers namely global planning and local control approach. The global planning is associated with high-level path planning in which the collision free path is mapped off-line, thus, guaranteed to find the unoccupied workspace [1] - [2] . In the contrary, the local control is carried out on-line based on information provided by the sensors, thus, the obstacle position is detected in the real time during the task execution [3] [4] [5] . The local control approach allows flexibility in the control system. However, the flexibility offered may cause the robot to stall when the path cannot be identified. Thus, it gives a significant advantage to control this mechanism by a predefined set of motions via global planning due to a great deal of redundancy rather than to calculate their route in the real time.
There are several approaches introduced to solve the inverse kinematics which may distinguish into three main group that is the algebraic [6] (e.g. Nonlinear optimization, Jacobian pseudo inverse and its optimization), evolutionary computation [7] [8] (e.g. Artificial Neural Network, Genetics Algorithm, ANFIS, Fuzzy Logic) and geometric approach [9] [10] . The major shortcoming of the algebraic and iterative technique is that there is no proper indication for choosing the best solution out of numerous solutions available for the n-number of links, and the derivation of the equation becomes more complicated when the level of redundancy increases.
The control scheme designed in this research is applicable to both HRR and VHRR giving priorities to collision free path around obstacles. The geometric approach took a complete departure from the existing methods and offered substantially good accuracy and avoided the computation of the pseudo inverse Jacobian matrix. The advantage of this method is that it forms a coil profile where a lining up of two or more joint axes is impossible. Therefore this method is very effective for avoiding singularity.
Trajectory Fitting Control: Track Prescribe Position (TPP) Algorithm
The control scheme proposed in this research gives priority to collision free path around obstacles namely, Track Prescribe Position (TPP).
Fig. 1: TPP Algoritmn Flowchart
The summary of TPP algorithm is illustrated in the flowchart shown in Fig. 1 . It is assumed that a start position of the end effector is denoted by O 1 while the desired position is denoted by O n . Thus, there will be (n-1) points between the origin and desired position where the obstacles exist in the neighbourhood. Avoiding these obstacles automatically requires sensors to dynamically build the model of the environment. The assumption is such that a world model is available where the number and location of the obstacles are known. Thus, the inverse kinematics position for each segment link is calculated whenever the number of links to avoid obstacles in the workspace is acquired. The joint values are generated based on each subrobot whereby the values obtained are absolute and no repetition of the process is required. Generally, the joint values obtained tend to form a multiple coil shaped profile. Once the desired trajectory is determined to approximate a desired configuration, then the VHRR is fitted to that particular profile. The VHRR will operate on the principle that one link at a time moves out of the housing along the generated trajectory towards the desired position leaving the unused links in the housing at the base of the robot. It tracks the manipulator end effector along the generated trajectory from the initial to the desired position around the obstacles in the workspace. Inverse Kinematics for Links Position around the Obstacle. The main component of TPP starts with the development of inverse kinematics for desired position of the links. The inverse kinematics is essential to identify the pathway position of the VHRR which can be derived from the joint values. The number of links required to engage in a particular situation will depend upon the situation itself. Thus, the number of links will vary from situation to situation.
There are three main steps to determine the joint value that is a) Calculation of the pathway distance around the obstacle, (b) Estimation of number of links and (c) Calculation of joint values for
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Engineering and Manufacturing Technologies each link. The proposed algorithm considered m-multiple coil shape of the hyper redundant robot, where one end of the robot is at the origin and the other extreme end is free to reach desired positions within the work space. Such a configuration will help to place the free end at its desired location avoiding obstacles between the end points of the robot. The robot is assumed to configure in such a way that the ends of any numbers of link of their sub robots reaches predefined point between the origin and the final desired position to reach a final desired position say (x d , y d ) in a 2D plane. As such there will be (m-1) points between the origin and (x d , y d ). These points may be chosen according to the distribution of obstacles around the path between the above mentioned points. Each of the sub robot forms a shape that looks like half of an ellipse either elbow up or elbow down as demanded by the obstacle distribution. . Obstacle of arbitrary shape is assumed to be enclosed in circles. The thickness of the manipulator links should also be added to the radii of this circle. 
Where; a= major axis b= minor axis Major axis can be obtained from half of the distance of initial point, O to desired point for each sub robot, O n . For each subsequent subrobot, anchor point will become initial position such that;
And minor axis can be estimated from the distance between point 'c' to point 'e'. 
The total number of links in the entire system is illustrated by ;
The number of links or total number of links will be rounded to the upper value to avoid deficiency number of links.
Calculation of Joint Value for Each Link. Once the number of links needed for each sub robots are identified, each joint value can be calculated. The method involves the repetitive use of inverse kinematics solution of 2-link manipulator based on some geometric proposition, which depends on the selection of some reference point and virtual configuration. Inverse kinematic solution (IKS) of a 2-link robotic manipulator is simple. For reference, IKS of a 2-link robotic manipulator is presented below; .
Figure 3: Two Links Manipulator
The forward kinematics equations in terms of the joint variables of the 2-link manipulator is as shown in Fig. 3 are; ( ) 
Solving Eq.(6) for θ 1 and θ 2 , the inverse kinematics solution can be obtained, which is shown in the following steps. 
Here, "+" sign is used for elbow up configuration and "-"sign for elbow down configuration. By expanding Eq. (6) the following are obtained,
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Thus the joint variables θ 1 and θ 2 are obtained from the following equations:
( ) 
In general, the technique applies a formula of centroid for a given virtual subrobot which in the form of triangle with three corners; (x 1, y 1) , (x 2, y 2 ) and (x 3, y 3 ). The centroid will become a new end point and also an anchor point for two new virtual subrobot respectively. The process repeats itself for each virtual subrobot in the system. The final virtual layer configuration form quite a zigzag trajectory. Thus, to acquire a nice curve, elbow up and elbow down are checked through slopes computation. The technique will ensure the outcome of a coil shape which resembles the ellipse contour for each subrobot. This step has been detailed out in the paper [11] . The algorithm manages to generate a single solution of a joint relative angles, θ, for each link. This will guarantee that every link travels sequentially from the initial position to final position and does not penetrate the obstacle area. The joint value of each segment is known as;
Implementation of Trajectory
The control path must specify the continuous sequence of the positions and orientation of the robot between initial and goal configurations. The system involves both rotational and linear movement. The linear movement allows variation of length of VHRR. Meanwhile, the servo motors attached to each segment, n, allow rotational movement. Thus, the system travels unit, S t , and a set of point in a sample space to reach desired position, P, represented by Eq. (13) and (14) respectively.
where, x= total linear movement. , … . . = joint value. , … . . = location in the workspace.
Thus, the change in rotational movement for each servo motor to follow the pathway is given by;
And the linear motion for each constant segment is represented by;
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= (16)
A control algorithm is proposed to fit the end effector to follow the generated trajectory. The algorithm for VHRR is associated with a snake locomotion that has a continuous profile. Even though the VHRR under research consideration has segmented body, the same profile movement can be achieved by actuating multiple motors simultaneously over a period of time. The control algorithm proposed is recommended to ensure VHRR does not penetrate the obstacles in the existing workspace. The number of motors actuated increases as the number of links operated increases. The robot will travel in such a way that each of the following links will track the earlier link's position which can be arranged as follows; In this control algorithm, there are two different inputs that are the length to move the link linearly, and an angle, θ 1 or γ n to rotate the link. Whenever each row is accessed, the links involved in that particular row will be activated concurrently. Each link will rotate by θ 1 , for the first rotational movement. However, the subsequent movement will rotate based on the change of angle, γ n . The sequence of links keep changing as the links are moving out. Data in first row is accessed first and followed by the second row until the n th row. The progression is nonstop to allow continuous movement. Number of rows is dependent on the number of links needed to reach a particular final desired position. Thus, the robot manipulator will increase their length from the initial position (0,0) to the final desired position (x d , y d ).
Simulation
The following simulation illustrates the behavior of a 10 links planar manipulator when the manipulator is moving in environments with obstacles. The simulation has been done using MATLAB based on the proposed algorithm. An example shows a manipulator approaches a goal of P= (0.55, 0.45) while avoiding 2 obstacles. The initial position of the end effector is at P= (0,0). The arbitary shaped obstacles used in this simulation are red in color. Each link has same segment length that is 0.1 cm. By applying Eq. (1)-(4), number of links needed to avoid obstacles are obtained that is 4 and 6 links for respective subrobots. Thus, a total of 10-links hyper redundant manipulator is needed to reach the final desired position. A unique value of θ for each link is identified. In avoiding the obstacles, the results are arranged in a matrix as given in Eq. (17). The method employed concurrent activated links one row at a time. The manipulator estimated to move along the path defined by two half ellipse shapes for each subrobots as shown in dashed line in Fig. 3 . The manipulator link provides an actuator motion to maneuver away from the obstacles following the dotted line derived from Eq. 6. Fig. 3(a)-(j) show the motion profile of the manipulator successfully negotiating the two obstacles and reaching the set goal. The final configuration of the VHRR manipulator result a robot with two coil shapes. 
Conclusion
In this paper, the new concept of collision free path planning namely TPP for VHRR is presented. The new concept tackles collision free obstacle as a primary task whereby solving the inverse kinematics without disregarding the existence of obstacles in the system. Then, the results are used to fit the manipulator to the respective prescribed trajectories. It substantially offers a very simple computation and effective control scheme to utilize the redundancy. The simulation demonstrated the efficiency of the proposed control algorithm to achieve a desired position with constraints in the workspace. It is confirmed that the proposed algorithm is completely capable of solving the control problems of a planar hyper-redundant manipulator. 
